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The Tevatron__ _.

e World’s highest energy
(operating) collider

e ppatEwm=1.96TeV
e [L(peak) =2.8 x 1032 cm2s™'
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CDF

e General Purpose Collider Experiment
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e General Purpose Collider Experiment
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The Cross Section Challenge



Higgs at the Tevatron
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If Higgs is low mass, mu<135 GeV/c2:  If Higgs is high mass, mn>135 GeV/c?:
e Produced with W or Z boson e Direct production gg—H
e Decay to b-quark pair e Decay to a W-boson pair

WH—¢vbb ZH—¢'¢bb ZH—v 'V bb gg— H - WW*
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Indirect Searches

If you believe in the Standard Model...



Indirect Searches

If you believe in the Standard Model...

Tevatron data already contributes to most stringent

constraint on my through radiative corrections
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The Experimental Challenge

Finding the Higgs at the Tevatron is possible! But very challenging.
Low Higgs production cross section and large backgrounds.
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Typical events in - H—->WWw*
1fb-1 (P=e. 1) ZH— ¢¢bb ZH—vvbb | WH—¢evbb ooy

Signal produced 5 15 30 20

Signal Accepted 1 2 3 4
Backgrounds 100 300 500 300

. Improve signal acceptances:

e Use all detector nooks & crannies, improve triggers & b-tagging efficiencies

. Reduce backgrounds:

e Improve b-tagging algorithms, di-jet mass resolution

. Use sophisticated analysis techniques to extract signal from background:

e Multivariate techniques, neural networks, matrix elements, ...

. Combine all channels, and both experiments

. Collect and analyse as much luminosity as possible




b-tagging at CDF

e For mu < 135 GeV/c?, b-jet tagging is crucial

e Secondary vertex tagging identifies second Jet
Vertices in Jet Displaced tracks
e identifies 40-50% of b-quark jets ey ey~ Psccondary vertex
e tags 0.5-1% light quark jets (u,d,s) P”’“a“”e”eé >
, /
= “fake rate” fdo\ ¥

Prompt tracks

e Aneural net can be used to refine tag =
improve b-jet purity

e One b-tag improves signal to background improves from 1:1000 to 1:100
e Two b-tags improves signal to background of 1:50
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Di-jet mass resolution

Dedicated work to understand the response of calorimeter to b-jets.

e /—bb events used to calibrate
b-jet response.

e Sample: two tagged b-jets.

e Dedicated trigger employed.

e Background template from data
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N(Z—bb) = 5674 + 448 (stat)

Energy scale factor for b-jets:
k =0.974 + 0.011(stat) *0-017_g 014 (syst)
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Lepton Acceptance

e Leptons are critical for the H—=WW* search

e Vast improvement in identifying leptons by understanding the
“holes” in the calorimetry and muon chamber acceptance.
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e At my=160 GeV/c? signal yield increases from 2.5 to 4 expected
events
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Low Mass Higgs Searches

e My < ~135 GeV/c?
o WH—-evbb ZH—-¢¢bb ZH—v'Vvbb



CDF Run |l Preliminary

Higgs Search: WH— v bb: .. ST
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e Signal selection:

e high-pr, isolated, electron or muon

= pT(e) g 20 GeV/C CDF Run Il Preliminary
e Two high-Er central jets: Er(jet) > 20 GeV 9 120l - b
= 1 or_ 2 b-tags 100; %ﬂfﬂ:am

T AT > 20 GeV

[ ] Diboson/Z®—tt
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S Background Error
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e Large

Events / 20 (Ge
]

e Backgrounds:

o
o
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e W-+heavy flavour production

b
=]

e top pair production

N
o
T

= Look for resonant peak in di-jet mass

0 L I IM
0 50 100 150 200 250 300 350 400 450 500

Limit: o(observed)/c(SM) < 26 (for mu=115 GeV) Dijet Mass (GeV/c?)
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e Signature:
= 2 high-E7 jets with 1 or 2 b-tags
= large Kt
= no isolated leptons

e Huge background from QCD jet
production: optimised cuts imposed

ET > 75 GeV
Er(j') > 60GeV

Ap(j' Br) > 0.8

15



/H—v v bb

Main backgrounds:
e Residual QCD multi-jet production
e Mistags: light jet tagged as b-jet
e Top quark production

e No significant resonance observed
in di-jet mass peak

Observed Limit: o(ZH—vv bb) < 15 6(SM)

Evenis/20 (GeV)

Events/20 (GeV)

Dijet mass in SIG Region, > 2 Tag

9— -
- CDF Run Il Preliminary, 0.973 b’
8:_ - Data
7c — ZH115*10
- []Z+hf.
b [JW+h.f.
5f_ 4 [ |Diboson
- Il Top
4= | T [71QCD hf.
3l [ Mistag
2
1
ﬂ:

50 100 150 200 250 300 350 400
M, (Gev)

Dijet mass in SIG Region, =1 Tag

m— -
- CDF Run Il Preliminary, 0.973 fb"
__
- - Data
700 — ZH115*10
- []Z+ht.
60 H, []W+ht.
500 [ ]Diboson
- Il Top
40 ] QCD hf.
300 + [ Mistag
20_4#
10 "m - k
== L.
u_l—b—l_!_;—l—i_lm_jlllllllllll
0 100 200 300 400 500 600
M, (GeV)

16



n [ [ -
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e 2 leptons and 2 jets (1 or 2 tagged as b-jets)

e ~-100 events pass cuts; only 1 expected to be SEISSSEE 1S

from SM Higgs production

Standard Model Backgrounds
—— ZH-lIbb X50(M,=120 GeV/c?)

Number of Events
[ =]
Q
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e Use 2D NN to separate signal from backgrounds:
e 1 NN tuned to find tf o I
e 1 NN tuned to find ZH T T, L L

2 : : s S L Il s A
e NN‘ technique improves sensitivity by 2.5 T Ty

NN Projected Slice (Z+jets vs. ZH)

Limit: o(observed)/c(SM) < 16 (for my=115 GeV)
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Higher Mass Higgs Searches

e My >~ 135 GeV/c?




H— WW*>¢+¢-vy

e Reconstruction of Higgs mass impossible

due to two neutrinos in the final state

Lg%

WW background:
e Higgs has spin=0

Make use of spin correlations to suppress

= leptons from Higgs decay are collinear

Look for peak in Ad between leptons

Limit: o(observed)/c(SM) < 10 for mp=160 GeV

0|III|III|III|III

AAAAAA
vvvvvvv

DF Run Il Preliminary f L=1fb"

HWWwW
m, =160

mux=160 GeV/c2




H = WW* Matrix Element Method

e Probability density to observe given leptons and F:

. 1 do
P(CE’ObS) = — / th( ) xobsvy) dy

(o) dy/

observed lepton info efficiency

true lepton info

resolution
CDF Run Il Preliminary _[ Ldt=1.1fb"
o Define Likelihood Ratio: S o0 . data o
o ] [110x mH(160) = Wy
- - WwWw 1
LR(fobs) — PH ('CUObS) -g 80- %?ZZ %‘.Dq;lem
PH (xobs) + Zbackg k'L Pz (xobs) L% '

Events / 0.04

e Gives most discriminatory power between 60+

background and signal I] % ‘
404 4
20—_+— E R R AR AR ¥

Limit: o(obsv)/o(SM) < 3.5 for my=160 GeV e 4 LR (-, igh )

0 0.2 0.4 0.6 0.8 1
LR (H—>WW, high S/B)

20



SM Higgs Exclusion Plots

Search for ZH— I'Tbb
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Tevatron Combination

e Doesn’t include all recent CDF measurements — further

improvements very soon s new H—WW measurements

Y improved ZH— ¢+ €-vv
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------ CDF Expected
umn Tevatron Expected

= Tevatron Observed

SM

{ e e Gt o Lo e

P00 110

120 130 140 150 160 170 180 190 200
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e H—WW* contributes more at mu=135GeV/c? than associated production!
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Beyond the Standard Model Higgs

Precision measurements prefer minimal Supersymmetry (MSSM) to the SM

L Ll L Ll I | L] L Ll I Ll ] | L] 'I Ll L Ll L I | L L] L

80.70 Tevatron/LEP 2 I

LEP1/SLD: darker region

3020 Heinemeyer, Hollik, Stockinger, Weber, Weiglein ‘06

PR S R T N T T T T N NN T T TR N T TN T T N T T T
160 165 170 175 180 185
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Non-SM Higgs Phenomology

Supersymmetry (and other Beyond the Standard Models) requires 2 Higgs doublets

vsin 3
0 )“R

0
v cos (3

L_mM%@L<

= Four physical Higgs bosons h°, A°, HO H:*
= parameterised by g and v = 246 GeV
= One doublet gives mass to down-type

quarks and charged leptons

>dR+mu (u,d)L<

= One doublet gives mass to up-type quarks

Tevatron
a10°f SM
© 10} —
gg+bb—->H
e Production of light Higgs 11
enhanced by ~tang 10 L 99~-H
10 °F
e Production of down-type quarks 10_3\bb+H
and leptons enhanced by ~tanf  .f
100 200 300 400

M, (GeV)

Tevatron

2., MSSM, tanB=50

- bb->H

3. 9g+bb>H

L
Y
'\

160 200 300 400
M, (GeV)
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H—t'T Search




H—t'T Search e Ay

e Event Selection P H D
e 1 hadronic tau decay and 17 — £ vy decay BR=46% ——» @ b B
e 27 — LUy decays BR=6%
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H—t'T Search _—

i
e Event Selection P H Y D
e 1 hadronic tau decay and 17 — £ vy decay BR=46% ——» . b B
e 27 — VL v,y decays BR=6% T T
n Y

tracks, s ,
o

e Hadronic tau selection most challenging:

e Low multiplicity: 1 or 3 tracks

e No activity in “isolation cone” around
narrow signal cone

e 0.1-1% of jets are misidentified as tau’s

tau cone

isolation
cone
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H—t'T Search _—

i
e Event Selection P H Y D
e 1 hadronic tau decay and 17 — £ vy decay BR=46% ——» . b B
e 27 — VL v,y decays BR=6% T T
n Y

tracks, s ,
L

e Hadronic tau selection most challenging:

e Low multiplicity: 1 or 3 tracks

e No activity in “isolation cone” around
narrow signal cone

e 0.1-1% of jets are misidentified as tau’s

tau cone

isolation
cone

MSSM Higgs—1tt Search, CDF Run Il Preliminary

e Full mass reconstruction not possible 1af MG simulation

e Use “visible mass”: invariant mass of F s
. . =10F m,= 115 GeV/c
visible t decay products and K i B m, = 200 GeVi/c?

-

£ °f

o Acceptance 1.1% at mu = 90 GeV/c? 4

i:

e Acceptance 3.3% at mn = 250 GeV/c? o

100 150 200 250

m__(GeVic?)
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H—t T Visible Mass Distribution

e Analysis was blinded — visible mass distribution not looked at until all
background and acceptance finalised

et, ut channel eu channel
600 . —— 120 . —
500+ 0 100} "
30 2
400+ 20| 80 8
LEES 4
300+ 60
00 50 100 130 200 250 300 DU 50 WD B0 200 230 300
200 CDFnI]:s [Gel‘:} 1 fb-1 407 CDF :ﬂs {GITV]1 fb1
un - Q ~A | un -
dUurprise
100} MSSM ¢—tt Search| | ACI RIS 20t MSSM ¢—tt Search| -
Preliminary L1ttie bump Preliminary
]! Ry ; . — - V ]S
A—TT ’ i At 140 Ge) m, = 160 GeV A—TT
100+ - ny*_"'l:'l: - ZIY*—HU: )
E W other EV 10t 0 other EW, tt |-
[ jet f= | jet fake
10+ —— < -up = 160 GeV
1 L

50 100 150 200 250 300 0 !':;0 1 60 150 200 250 300
Myis (GeV) Myijg {GEV)

e Data mass distribution agrees with SM expectation, mostly.
e Slight excess has a significance of 2.106 (cross section ~2 pb)
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MSSM Limits

p = +200 GeV, M, = 200 GeV, m, = 0.8 M

M., = 1 TeV, X, =B M

SLEY

sy (M) M, ., =2 TeV, X =0 (no-mixing)

e Mass bump is not enough to
claim discovery — limits set 80
on MSSM parameters.

= 60 :

3 expected nNo mixing —

40 My~ E

100 max CDFRunll 1fb1 | ]
— " E

CDF Run Il 1 fb-1 " o mixing MSSM 0—1T Search| 1

20 Preliminary .

MSSM Higgs—1T Search
Preliminary

-
o

030 100 120 140 160 180 200
m, (GeV/c?)

- Observed

" Expected

B 1c band
2c band

95% CL upper limits

o(pp—¢X) x BR(¢—171) (pb)

00 150 200 250
mg (GeV)

=
-
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Conclusions & Outlook

e Recent improvements in:

= b-tagging, di-jet mass resolution
= lepton acceptance, triggers

= analysis techniques

have been critical to improving sensitivity of

direct Higgs searches

e Precision measurements my and m¢ improve

indirect Higgs search

e Further improvements and factor of 2.5
more luminosity for direct searches are
currently being incorporated.

[£dt

8 .
Design /
7

We Are Here

Expected:
~4fb-! by 2007
9/3007 9120008 929

date

1011/03  9/30/04  9/30/05  9/30!
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Conclusions & Outlook

JLdt

.
Design /

7
b-tagging, di-jet mass resolution /_/
lepton acceptance, triggers ;

e Recent improvements in:

We Are Here

analysis techniques :

have been critical to improving sensitivity of °
direct Higgs searches 2

Expected:

. o . 1
e Precision measurements mw and mt improve ~4fb-1 by 2007

indirect Higgs search 0

10M/03 913004  9/30/05 9/30/ 9/30/07 9129108 9729
e Further improvements and factor of 2.5 date
more luminosity for direct searches are

currently being incorporated.

e The Tevatron does have a chance to find the SM Higgs!
Continued luminosity improvements and collaboration between CDF &
D@ will be essential!
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Let’s dream...

DOCTOR FUN

" .

A £

Bunny researchers at the High Energy Candy Collider generate exotic
short-lived isotopes of Peeponium.

Copyright © 2001 David Farley, d-farley@ibiblio.org

29



Let’s dream...

DOCTOR FUN

1] | e i
£ O
L I.

Bunny researchers at the High Energy Candy Collider generate exotic

short-lived isotopes of Peeponium.

Ve

Copyright © 2001 David Farley, d-farley@ibitllio.org
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CDF ll Preliminary Run 167551, Event 3626393

ttH — bbbbWW & T

1.5-"Jet 1: 73.8 GeV

|‘L_LQ:I‘II|IIII|IIII|I

— 1_
E B =7.6 mm
hl ~  Muon 26.9 GeV Ny MET 48.1 Ge
> - : L, =3.4mm
0.5 >
L. =35F

Jet 4: 23.6 GeV|

e 1 lepton, >4 jets, missing-Et Jet 3279 Gev

e > 3 b-tags -0.5 / Jat 5: 15.0 GeV
|||||||||||||||||||||||||||||||_

e 1 event found in 320 pb-* A5 A e 005 1A

CDF Il Preliminary L =320 ;:ll:f1

=
I | I T T T | T T 1 |
-__"""--....___ =

‘él B | - 95% C.L. Limit

10 = -

E : Standard Modelo -, x BR(H— bb)
g Wk :
a -
z o
14 = ]
Limit: o(obsv)/o(SM) < 168 for mp=115 GeV 2 , L N
o g E
| :
EI|||||||||I||||I||||I|||||||||I||||I§

100 105 110 115 120 125 130 135

Hiaas Mass [GeV]
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b-Tagging Efficiency & Mistags

SecVtx Tag Efficiency for Top b-Jets

> 0.7
e . Tight SecVix
QL 06F
'© . Loose SecVix
© 05F
(@)) L
S -
& 0.4:
0.3 E
02F
- Top MC scaled to match data
0.1F Only b-jets with <1
O : I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
20 40 60 80 100 120 140 160 180
jet E; (GeV) _
SecVix Mistag Rates
o 0.06
© - Tight SecVix
2 0.05 - Loose SecVix
2 :
€ 0.04F
0.03 |
0.02
001 Only jets with |n|<1
0 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

20 40 60 80 100 120 140 160 180
jet E; (GeV)
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Top Mass Prospects

—
o

A M,(total) GeV/c’

—he
"l |

CDF Top Mass Uncertainty

(I+l and l+j channels combined)

1fo' 2fb" 4" 8fb’
R T

*

Y CDF Results Y gy
s

+ Runlla goal (TDR 1996)

%

Scale A(stat) / \L, Fix A(syst)
(assumes no improvements)

"""" = Scale Aftotal) / L

(improvements required)

2

10 10° 10
Integrated Luminosity (pb )

4
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Reminder: Hadron Collider Dynamics

e On an event-by-event basis we don’t know the energy of the hard collision
= We must reconstruct the mass of the Higgs boson directly.
= Only possible for some channels.

e The colliding partons have very small _ - . S E—
momentum transverse to beam. ' |

e We detect all interactions transverse to

the beam o1 5[ 20 GeV

T
]
L.

e Use the component of track momentum
transverse to beam:

e Resolve calorimeter energy into
transverse component _ eﬁli_
Er = Ecosl [ =X&Z

e Any missing “transverse momentum?” is

attributed to invisible particles ) W*W" candidate event

T
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The Cross Section Challenge

Total cross section

Events
in 1fb™"

1x101"

6x10°
6x10°

14,000

100
~10

1
Total inelastic
16
-mb
16* bb
10° F b
W
10°
-Nb 7
g _
tt
1012-_\
6" '
Higgs (ZH + WH)
-fb
ol
100 120 140 160 180 200

Higgs mass (GeV)/c2
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The Cross Section Challenge

c 1 Events
2 Totalinelastic | in 1fb™
@ 16°
wn
g 4-mb
S bb 7510
S
2 10 Fub
168 W 6x10°
10
10
it 14,000
1012-‘\
14 ‘ 100
10 Higgs (ZH+WH) | =10
Hfb
110
100 120 140 160 180 200
Higgs mass (GeV)/c2

Amplitude
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